Sperm polymorphism is widely known in invertebrates. In insects, Lepidoptera has two types of sperm: nucleated eupyrene (fertile) sperm and anucleated apyrene (unfertile) sperm. These sperm types are produced during postembryogenesis, and eupyrene spermatogenesis precedes apyrene spermatogenesis. During overwintering, spermatogenesis stops and a portion of undifferentiated-stage spermatocytes degenerate. After overwintering, spermatogenesis restarts with unaffected spermatogonia. However, how new spermatozoa arise in the adult testes after overwintering is not known in Lepidoptera. In this study, we investigated the spermatogenesis events in the nymphalid butterfly Polygonia c-aureum after overwintering under various environmental conditions. Our results indicate that both eupyrene and apyrene spermatogenesis restart at any stopping stage and sperm of these types are regenerated in no particular order after adult insect overwintering. This suggests that the spermatogenesis occurring after overwintering proceeds without embryogenetic restrictions related to the developmental sequence.
Effects of pre-overwintering conditions on eupyrene and apyrene spermatogenesis after overwintering in Polygonia c-aureum (Lepidoptera: Nymphalidae)
Introduction
In insects, sperm polymorphism is known in Lepidoptera, Coleoptera, Orthoptera, Dictyoptera, Hemiptera, Hymenoptera, and Diptera (Schrader, 1960; Tibout, 1980; Joly et al., 1989; Besac et al., 1991; Lachaise and Joly, 1991; Bircher et al., 1995; Dallai, 2014; Dallai et al., 2016) , but most of these forms are variations of eupyrene sperm. For example, the heteropteran bug Raphingaster nebulosi has two types of sperm, which differ in length and the size of the flagella (Mercati and Dallai, 2016) . One conspicuous instance of sperm polymorphism is apyrene (anucleate) sperm, which are not involved in fertilization (Katsuno, 1977) . Apyrene sperm have been found in many lepidopteran species, except for the primitive moths (Sonnenschein and Hauser, 1990; Hamon and Chauvin, 1992) , and are also known in the smaller European elm bark beetle, Scolytus multistriatus (Coleoptera: Curculionidae) (Jumper and Cannon, 1975) .
Spermatogenesis is initiated in the germarium, which consists of densely packed undifferentiated germ cells (= spermatogonia). Each spermatogonium becomes covered with a mantle of somatic cells and divides repeatedly to form a spermatocyst (cyst) containing many spermatocytes derived from a single spermatogonium. In each cyst, spermatocytes continue division to form spermatids, and eventually convert into sperm. A spermatocyte destined to become apyrene sperm has, at first, a nucleus. The chromosomes form masses at the meiotic metaphases, are irregularly distributed at anaphase, and then spermatids have numerous micronuclei, which are eventually discarded from the cyst (Friedländer and Wahrman, 1971; Friedländer and Miesel, 1977; Leviatan and Friedländer, 1979) . Further, in the apyrene spermatid only the flagellum elongates, while the nucleus remains spherical and appears at variable sites along the flagellum (Friedländer and Benz, 1981) . One of the most obvious differences between eupyrene and apyrene sperm, except for the presence or absence of a nucleus, is the presence or absence of a glycocalyx (lacinate appendages) .
MARK
The differentiation of eupyrene and apyrene sperm clarified by Friedländer's studies on Lepidoptera can be summarized as follows: 1) cysts at the primary spermatocyte stage destined for apyrene and eupyrene sperm have the potential to become either; 2) the first and key event of dichotomy into eupyrene and apyrene sperms is the failure of the homologous chromosomes of the presumptive apyrene cells to pair properly during the zygotene stage of meiosis; 3) eupyrene spermiogenesis (the final spermatozoa formation process of spermatogenesis) precedes apyrene spermiogenesis; 4) late-formed primary spermatocytes develop into apyrene sperm by the action of an apyrene spermatogenesis-inducing factor (ASIF) (Friedländer and Wahrman, 1971; Friedländer, 1976 Friedländer, , 1991 Friedländer and Miesel, 1977; Leviatan and Friedländer, 1979; Friedländer and Benz, 1982; Friedländer et al., 2005) . Thus, early developed cysts become eupyrene sperms, whereas late developed cysts become apyrene sperms by an ASIF.
However, the spermatogenic stage at which sperm differentiation occurs remains disputed. According to some authors, eupyrene and apyrene sperms are cytologically identical until the primary spermatocyte stage. In contrast, both Katsuno (1987) and Hiroyoshi (1999) found the differentiation of these sperm types to occur between the spermatogonium stage and the prophase of the primary spermatocyte stage.
Both eupyrene and apyrene spermatogenesis are strongly linked with the developmental stages of insects. Eupyrene meiotic metaphases are seen in the testes of the penultimate and the final instar larvae or pupae, and then decrease considerably or mostly disappear at a speciescharacteristic stage of pupal development. In contrast, the earliest apyrene metaphase is first seen close to the time of pupation or after pupation, and continue to exist side by side with a few eupyrene spermatocytes for the remainder of the insect's life (Lai-Fook, 1982a; Tschudi-Rein and Benz, 1990; Hiroyoshi, 1999) . These results cannot be explained by the ASIF hypothesis, which denies the possibility that eupyrene and apyrene spermatogenesis co-occur.
Overwintering causes the apparent stoppage of spermatogenesis, and existing spermatocytes degenerate. After overwintering, new spermatozoa are produced by differentiation from spermatogonia (Friedländer and Benz, 1982; Cloutier and Beck, 1963; Numata and Hidaka, 1980; Shimoda et al., 2007) . The spermatogenic stage at which the spermatogenic cells interrupt their development by overwintering is correlated with the developmental stage (larva or pupa) at which the species overwinters (Friedländer et al., 2005) . In adult diapause of the desert beetle Omorgus freyi, (Trogidae) spermatozoa and late spermatids are completely lysed, and after overwintering new eupyrene spermatozoa are produced (Friedländer and Scholtz, 1993) . However, how new eupyrene and apyrene spermatozoa are supplied in adult testes after termination of adult diapause is unknown.
The nymphalid butterfly Polygonia c-aureum undergoes adult diapause in association with a seasonal diphenism, i.e., summer-and autumn-forms; autumn-form butterflies enter diapause after adult emergence and overwinter, and then start reproduction after overwintering. Both diapause induction and seasonal diphenism are triggered by a short photoperiod and lower temperature during the larval stage (Hidaka and Aida, 1963) . Our previous study on the spermatogenesis of P. c-aureum found that sperm differentiation occurs before the spermatocyte stage and that eupyrene spermiogenesis occurs at the Fig. 1 . The number of small and large spermatocysts after overwintering, when newly emerged autumn form butterflies of P. c-aureum had been kept under a short photoperiod (SD: 8 hlight and 16 h-dark) at 21 ± 1°C (pre-overwintering condition) for 30 days and transferred to overwintering conditions (complete darkness at 5°C) for 60 days (overwintering condition), and then returned to a long photoperiodic regime (LD: 15 h-light and 9 h-dark) at 21 ± 1°C for 30 days (post-overwintering condition). A: Small spherical (apyrene and/or primary eupyrene) cysts, B: Small (apyrene) pyriform cysts, C: Small (apyrene) elongate cysts, D: large (eupyrene) spherical cysts, E: large (eupyrene) pyriform cysts and F: large (eupyrene) elongate cysts. The data is expressed as means and SD. Bars with the same letter were not significantly different (P < 0.05, Tukey' method after ANOVA). The numbers in parenthesis indicate the sample size.
sleeping stage of the 4th (penultimate) larval instar and that apyrene spermiogenesis then starts as the butterfly approaches pupation (Hiroyoshi, 1999) . Like other lepidopteran species (Tschudi-Rein and Benz, 1990) , eupyrene spermatogenesis of P. c-aureum precedes apyrene spermatogenesis. Photoperiods, seasonal forms, and imaginal diapause have no effect on adult spermatogenesis. Although eupyrene spermatogenesis declines in the adult stage, it continues throughout adulthood. As testis size increased after overwintering (Hiroyoshi, 2000) , we assume that spermatogenesis may also recover. Here we show by quantitative analysis in the nymphalid butterfly P. c-aureum that after overwintering, both eupyrene and apyrene spermatogenesis restart at any stopping stage and proceed simultaneously.
Materials and methods

Insect source and rearing
Polygonia c-aureum larvae were collected in the field in Tokyo and Saitama Prefectures in Japan and reared in the laboratory at 21 ± 1°C and a long day length (15:9 h L:D) photoperiod. Only individuals from eggs laid by summer-form adults were used for experiments, because the offspring of autumn-form females are likely to become the summerform under any photoperiodic conditions due to a maternal effect (Hidaka and Takahashi, 1967) . Eggs were surface-sterilized with 3% formaldehyde solution for 30 min, washed in tap water, air-dried, and then placed in a plastic Petri dish (9 cm dia. × 2 cm depth) until hatch. Larvae were reared in groups of 30 to 40 on pieces of filter paper in a glass Petri dish (12 cm dia. × 3 cm depth or 15 cm dia. × 4 cm depth) on fresh leaves of Humulus japonicas (Moraceae). Larval density in each Petri dish was gradually reduced after reaching the 4th instar to accommodate for greater feeding per larva. The exact density was approximately 10 larvae for the 4th (penultimate) substage and approximately 5 larvae for the final substage. After pupation, pupae were transferred into polythene bags with soft tissue paper to absorb the meconium and to facilitate normal eclosion. Immature stages were reared under a short day length photoperiodic regime (8:16 h L:D)at 21 ± 1°C. After adult emergence, females and males were kept separately in cages (17 × 16.5 × 46 cm) covered with Saran® net in groups of 30-40 individuals. Adults were fed on 10% sugar solution absorbed in cotton. To investigate the process of spermatogenesis, 5-20 adults were prepared for each age.
Classification of spermatocysts
Eupyrene sperm and apyrene sperm originally differ in their size; the primary spermatocyte destined to produce eupyrene sperm is already much longer than that for apyrene sperm (Loeb and Birnbaum, 1981; Lai-Fook, 1982a,b; Bodnaryk and Gerber, 1988; Tschudi-Rein and Benz, 1990; Hiroyoshi, 1999) . Gage (1994) examined the sperm size of 70 butterfly species and found eupyrene sperm to be much longer (up to 5-fold) than apyrene sperm in all of them. By the mid-prophase of meiosis, eupyrene and apyrene spermatocytes become easily distinguishable (Hiroyoshi, 1999) . In this study, to quantitatively examine the state of embryogenesis, instead of checking whether the nucleus was present or lacking in each spermatocyte, spermatid and sperm, we distinguished as eupyrene or apyrene types according to their size under a phase-contrast microscope: eupyrene spermatocyst in the spermatocyte, spermatid, and sperm stages was approximately Fig. 2 . The number of small (apyrene and/or primary eupyrene) and large spermatocysts (eupyrene) in Polygonia c-aureum when subjected to the same sequences of photoperiodic conditions as described in Fig. 1 , but with a short post-overwintering photoperiod (SD: 8 h-light and 16 h-dark). A: Small spherical (apyrene and/or primary eupyrene) cysts, B: Small (apyrene) pyriform cysts, C: Small (apyrene) elongate cysts, D: large (eupyrene) spherical cysts, E: large (eupyrene) pyriform cysts and F: large (eupyrene) elongate cysts. The data is expressed as means and SD. Bars with the same letter were not significantly different (P < 0.05, Tukey' method after ANOVA). The numbers in parenthesis indicate the sample size.
twofold longer and thicker than apyrene spermatocyst in the same stage. Cysts were categorized according to their size and morphology as follows: (1) small spherical cysts (undifferentiated spermatogonia or apyrene spermatocytes), (2) small pyriform cysts (spermatids destined for apyrene sperm), (3) small elongate cysts (apyrene sperm), (4) large spherical cysts more than 80 μm (spermatocytes destined for eupyrene sperm), (5) large pyriform cysts (spermatids destined for euyrene sperm), and (6) large elongate cysts (eupyrene sperm).
Experimental procedures
Preliminary examinations revealed that adult diapause of P. caureum is maintained under short photoperiods and low temperature for a certain period, and broken under long photoperiods, high temperature, and by aging. As autumn-form butterflies emerge from the last half of September to October in the field, the time to overwinter differs with the date of adult emergence for each individual. Thus, we assessed the effects of pre-overwintering period on spermatogenesis in this butterfly. The single testis (formed by the fusion of the original two testes at the prepupal stage) (Hiroyoshi, 2016) was dissected out in saline solution (8.6 g NaCl, 0.33 g CaCl 2 , and 0.1 g KCl per liter distilled water) and ruptured with forceps to release spermatocysts. The cysts were categorized into six classes, as mentioned above, and were counted except for small spherical cysts less than 40 μm. Experiments were designed as follows. First, newly emerged autumn-form butterflies were kept under a short-day length (SD; 8 h light: 16 h dark) photoperiod at 21 ± 1°C (pre-overwintering conditions) for 30 days and transferred to overwintering conditions (continuous darkness at 5°C) for 60 days, and then returned to LD or SD photoperiodic conditions at 21 ± 1°C for further 30 days (post-overwintering conditions). Adults at pre-overwintering and post-overwintering stages were fed 10% sugar solution, while those in overwintering conditions were not fed any food or water. In the second experiment, autumn-form butterflies, were held after emergence under SD conditions at 21 ± 1°C for 15 days, transferred to the overwintering conditions for 60 days, and then removed to post-overwintering conditions (LD at 21 ± 1°C) for 30 days. In the third experiment, autumn-form butterflies, were held after emergence under SD conditions and 21 ± 1°C for 45 days, transferred to overwintering conditions for 60 days, and then removed to post-overwintering conditions (LD at 21 ± 1°C) for 30 days.
The data on the number of each type of cyst at each age after overwintering conditions was subjected to analysis of variance (ANOVA), and mean separations were done with a Tukey's method. As the data was not normal distributed due to the small sample size, the number of each type of cyst between before and after overwintering conditions was analyzed by Mann-Whitney U test. A significance level of P < 0.05 was used for all analyses.
Results
3.1. Spermatogenesis of male adults at 30 days pre-overwintering, overwintering, and post-overwintering
In P. c-aureum adults held at pre-overwintering conditions (short photoperiod and 21 ± 1°C) for 30 days, then an overwintering condition (continuous darkness at 5°C) for two months and then one of two post-overwintering conditions (long or short photoperiod) at 21 ± 1°C for 30 days, we observed the state of spermatogenesis of Fig. 3 . The number of small (apyrene and/or primary eupyrene) and large (eupyrene) spermatocysts in Polygonia c-aureum with a 15 day pre-overwintering period followed by an overwintering condition and a short post-overwintering photoperiod (SD: 8 h-light and 16 h-dark). A: Small spherical (apyrene and/or primary eupyrene) cysts, B: Small (apyrene) pyriform cysts, C: Small (apyrene) elongate cysts, D: large (eupyrene) spherical cysts, E: large (eupyrene) pyriform cysts and F: large (eupyrene) elongate cysts. The data is expressed as means and SD. Bars with the same letter were not significantly different (P < 0.05, Tukey' method after ANOVA). The numbers in parenthesis indicate the sample size.
both eupyrene and apyrene sperms, and also examined the effect of the length of pre-overwintering phase (15, 30 and 45 days) on the state of spermatogenesis after overwintering.
As spermatogenesis advances, the cyst shape shifts from spherical to pyriform and then begins to elongate. Large spherical cysts first appeared during the penultimate larval instar, while small spherical cysts destined for apyrene sperm first appear during the last (5th) larval instar. Our previous study showed that the number of both large and small spherical cysts increases with larval growth, peaks at approximately 200 during the last instar and 1000 during the late pupal stage, Fig. 4 . The number of small (apyrene and/or primary eupyrene) and large (eupyrene) spermatocysts in Polygonia c-aureum with a 45 day pre-overwintering period followed by an overwintering condition and a short post-overwintering photoperiod (SD: 8 h-light and 16 h-dark). A: Small spherical (apyrene and/or primary eupyrene) cysts, B: Small (apyrene) pyriform cysts, C: Small (apyrene) elongate cysts, D: large (eupyrene) spherical cysts, E: large (eupyrene) pyriform cysts and F: large (eupyrene) elongate cysts. The data is expressed as means and SD. Bars with the same letter were not significantly different (P < 0.05, Tukey' method after ANOVA). The numbers in parenthesis indicate the sample size. Fig. 5 . Schematic drawing of eupyrene sperm-precedent spermatogenesis at the pupal stage and symmetrical spermatogenesis after overwintering. Insects were reared under a short photoperiod (SD: 8 h-light and 16 h-dark) during the larval, pupal, adult stages, and overwintering condition (under complete darkness at 5°C) and then transferred to SD postoverwintering conditions. respectively, and then begins to decrease. Newly emerged male adults have approximately 800 small and 30 large spherical cysts, and approximately 800 small and 400 large elongated cysts (Hiroyoshi, 1999) .
In P. c-aureum adults kept at pre-overwintering conditions for 30 days and then overwintering (diapause) conditions for 60 days, the number of small spherical cysts (cysts destined for apyrene sperm or undifferentiated cysts) decreased to approximately 100 and large spherical cysts to less than five (Fig. 1A,D) . However, when the adults were transferred to the post-overwintering conditions, small spherical cysts significantly increased from day 0 to day 10 (n = 10, zvalue = 5.433, P < 0.001, by Tukey's method after ANOVA), suggesting that apyrene spermatogenesis and/or primary spermatogenesis to produce eupyrene sperm were re-activated after overwintering (Fig. 1,A ). An increase in small (apyrene) pyriform and elongated cysts came after the increase in small spherical cysts (Fig. 1B,C) . The number of large (eupyrene) spherical cysts also increased from day 10 to day 20 after overwintering (diapause) (n = 10, z = −3.548, P < 0.01, by Tukey's method after ANOVA) (Fig. 1D) . These results suggest that both eupyrene and apyrene spermatogenesis from the spermatogonium simultaneously occurred after overwintering. Furthermore, small elongated (apyrene) cysts increased as early as day 20, suggesting that the cysts may have developed also from the spherical or pyriform cysts resting after overwintering (Fig. 1A-C) .
Similar results were obtained when P. c-aureum adults were held under short photoperiod post-overwintering conditions after diapause (Fig. 2) . These results imply that after overwintering, the spermatogenesis of both eupyrene and apyrene sperm restarts at any stopping stage, and that photoperiod length (short or long) after overwintering had no impact on the resumption of spermatogenesis.
Spermatogenesis of males under held for 15 or 45 days under preoverwintering, overwintering, and post-overwintering conditions
To determine what effect the length of the pre-overwintering period might have on spermatogenesis, P. c-aureum adults were kept under pre-overwintering conditions for 15 or 45 days, and the results compared with that for 30 days above. As spermatogenesis decreased with adult age, males exposed for 15 days had more cysts of each type than those exposed for 45 days. When the pre-overwintering period was 15 days, the number of large (eupyrene) spherical cysts, pyriform cysts and elongate cysts at the end of overwintering were 1.4, 0.4 and 5.4, respectively (Fig. 3D,E,F) . In contrast, when the pre-overwintering period was lengthened to 45 days, large (eupyrene) spherical cysts and pyriform cysts disappeared completely during overwintering (Fig. 4D,E) , and the number of eupyrene elongate cysts decreased to 5.4 after overwintering (Fig. 4F) . No significant differences were observed in any types of large (eupyrene) cysts after overwintering between pre-overwintering periods of 15 (Fig. 3D ,E,F) and 30 days (Fig. 1D ,E,F) (P > 0.05, Mann-Whitney U test). A similar pattern was also observed in small (apyrene) sperm (Fig. 1B,C, and Fig. 3B,C) . In both eupyrene and apyrene sperm, even if once most spherical cysts disappeared during overwintering, spermatogenesis restarted afterwards in all of the spermatogenetic stages, even from the regeneration of small spherical cysts (Figs. 1-4) .
Discussion
Simultaneous spermatogenesis of eupyrene and apyrene sperm after overwintering
Our study showed that, after degeneration of spermatocysts during overwintering (though some undifferentiated cysts survived), both eupyrene and apyrene spermatogenesis of P. c-aureum restarted to supply the loss of cysts after overwintering irrespective of pre-or postoverwintering conditions (Fig. 5) . This is the first report to demonstrate the simultaneous occurrence of eupyrene and apyrene spermatogenesis after overwintering. We found both eupyrene and apyrene spermatogenesis to be able to restart following any stopping stage, and cysts lost during overwintering were replenished in no particular order (e.g., without eupyrene spermatogenesis precedence). In the case of Coleopteran insects, spermatogenesis and subsequent sperm storage are usually active in the adult stage, as they are for example in the sweet potato weevil Cylas formicarius . Thus, spermatogenesis and sperm storage are suppressed during adult diapause or overwintering and resume after that, as in the boll weevil Anthonomus grandis (Brazzel and Newsom, 1959; Spurgeon and Raulston, 1998) , the apple blossom weevil Anthonomus pomorum (Čtvrtečka and Ždárek, 1992) and the West Indian sweetpotato weevil Euscepes postfasciatus (Hiroyoshi and Moriya, 2001) . In various leaf beetles (Ashida and Matsuda, 1983) including the Japanese green duck leaf beetle Gastrophysa atrocyanea (Ashida, 1981) , spermatogenesis is active during or after adult diapause. On the other hand, spermatogenesis is usually inactive in the adult stage in Lepidoptera and testis volume (or size) is closely related to the degree of spermatogenesis (Hiroyoshi, 1999 (Hiroyoshi, , 2000 . Decreased spermatogenesis or testis shrinkage are seen in many lepidopterans, including the Brazilian skipper Calpodes ethlius (LaiFook, 1982b) , the giant looper Boarmia selenaria (Scheepens and Wysoki, 1985) , the tobacco budworm Heliothis virescens (Loeb and Birnbaum, 1981) , the cabbage butterfly Pieris brassicae (Junnikkala, 1985) , the coconut black-headed caterpillar Opisina arenosella (TschudiRein and Benz, 1990 ) and the sweet potato hornworm Agrius convolvuli (Shimoda et al., 2007) . Thus, the recovery of spermatogenesis after overwintering in P. c-aureum is surprising.
During the post-embryonic development of P. c-aureum, eupyrene and apyrene spermatogenesis peaked during the last larval instar and pupal stages, respectively (Fig. 5) . In P. c-aureum, as in other lepidopteran insects, eupyrene spermatogenesis precedes apyrene spermatogenesis (Hiroyoshi, 1999) . After that, these cysts shift their shape into pyriform and then elongate form, and at adult emergence a sufficient number of sperm are contained in the testis (Hiroyoshi, 1999) . This study revealed that overwintering conditions strongly reduced the number of spermatocysts of varying stages, probably due to low temperature and no food supply, and that, in such cases, both eupyrene and apyrene sperms were complemented by the production of sperm from spermatocysts resting at various spermatogenic stages, even from the regeneration of small spherical cysts.
Sperm migration from the testis to the duplex
Elongated cysts eventually form bundles in Lepidoptera. Eupyrene sperm migrate as bundles within the male reproductive organs, whereas apyrene sperm bundles dissociate into single sperm, when they migrate from the testis to the vas eferens (Riemann, 1970; Riemann et al., 1974; Katsuno, 1977) . Mature sperm are transferred from the testis to the duplex via the vasa deferens and stored there until mating (Holt and North, 1970; Riemann et al., 1974; LaChance et al., 1977; LaChance, 1984) . Eupyrene sperm movement is entrained by a circadian rhythm demonstrated in vitro (Giebultowicz et al., 1988 (Giebultowicz et al., , 1989 Bebas et al., 2001 Bebas et al., , 2002 Gvakharia et al., 2003) . Apyrene sperm movement starts two days before adult emergence, while eupyrene sperm movement starts the day before adult emergence in P. c-aureum (Hiroyoshi, 1997) . After adult emergence, the number of eupyrene sperm bundles transferred to the duplex increases with age and apyrene sperm likely increases with age in the duplex as well (Hiroyoshi and Mitsuhashi, 1998) . As sperm formed in the testis migrates into the duplex, the testis shrinks with adult age (Hiroyoshi, 2000) . Thus, overwintering and subsequent increasing temperatures (and probably food intake) induce the recovery of spermatogenesis of this butterfly. It seems that low temperatures may reset spermatogenesis, and the conditions after overwintering may stimulate spermatogenesis. In this study, we found that the cysts of eupyrene and apyrene sperm increased simultaneously after overwintering, which implies that spermatogenesis occurring after overwintering proceeds without embryogenetic restrictions related to the developmental sequence.
Function of ASIF
The production of eupyrene sperm directly involved in fertilization is a primary event, because it precedes apyrene spermiogenesis. This type of activity may have priority over apyrene sperm production, which itself may play a role in loosening eupyrene sperm bundles but not in fertilization itself (Osanai et al., 1987) . As overwintered males approach the reproductive season, the simultaneous production of eupyrene and apyrene sperm may reflect the fact that both types of sperm are required for providing the fresh sperm in the seminal receptacle.
It is supposed that an apyrene-spermatogenesis-inducing factor (ASIF) is required to form apyrene sperm (Jans et al., 1984) . Friedländer and Benz (1981) cultured testes of codling moth Laspeyresia pomonella removed from late 4th and 5th instar larvae. Cysts derived from 4th instar insects developed only eupyrene spermatids, while cysts removed on the 4th day of the 5th larval instar developed both eupyrene and apyrene spermatids. Since then, only apyrene sperm were produced in which the ASIF is already present. However, it is known that both types of sperm can be found during adulthood, contradicting the ASIF hypothesis (Lai-Fook, 1982a,b; Tschudi-Rein and Benz, 1990; Hiroyoshi, 1999) . It may be that primary spermatocytes have a relatively short period when they are sensitive to the ASIF (Friedländer, 1976; Friedländer and Reynolds, 1988; Friedländer, 1991; Friedländer, 1997) . However, our study found that eupyrene and apyrene spermatogenesis simultaneously advanced in overwintered P. c-aureum, a result which suggests that the concentration of ASIFs, if any, may decline in overwintered males. Further study is needed to clarify whether ASIFs are absent to all practical purposes or not under these conditions.
Why spermatogenesis revives after overwintering
Eupyrene and apyrene sperm of P. c-aureum become fully mature in the upper portion of the vas deferens after adult emergence (Hiroyoshi, 1999) . In summer-form butterflies, most females mate within the first three days after adult emergence. In contrast, autumn form females do not mate until after several weeks under laboratory conditions and mainly reproduce only after overwintering (Endo, 1973) . Thus, most autumn-form females mate with autumn-form males with sperm produced before overwintering (Hiroyoshi and Mitsuhashi, 1998) and those newly supplied after overwintering (this study).
In the field, most overwintered butterflies reproduce in spring and then disappear in May in the middle of Japan. Spermatogenesis ability after overwintering would be useful to supply fresh sperm, particularly when the butterfly lives for a long time. Populations of P. c-aureum in the north of Japan are univoltine (autumn-form) with long longevity. In some insects, sperm have limited longevity and thus die during early adulthood (Yamagishi et al., 1992: Radhakrishnan and Fedorka, 2011) . In such species, long-term production of fresh sperm may be valuable to avoid sperm with lowered fertility. Thus, in addition to the quantitative replenishment of lost spermatocysts, supplementation of fresh sperm with high fertility may explain why spermatogenesis after overwintering has developed in P. c-aureum.
